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INTRODUCTION
Threshold and sutmzthreshold vision. The human luminance spatial frequency contrast sensitivity function (CSF) has been well studied using psychophysical measurements by detecting spatial frequency (SF) grating patterns at threshold [l] , [2] . Threshold CSFs at different eccentricities have proven to be quite useful in both basic and clinical vision research. However, near threshold, the CSF is measured at a linear area of the saturating contrastresponse curve. In contrast., most of our everyday vision may be at suprathreshold levels, and thus may function most of the time at the nonlinear area of the contrast-response curve. Furthermore, since the CSF is measured near threshold, it is quite possible that only the most sensitive retinal or LGN cells may contribute to the measured CSF. Since the M (magnocellular) cells in retina and LGN are about 10 times more sensitive than the P (parvocellular) cells at low to medium spatial frequencies [3] , [4] , the measured threshold CSF may reflect more M cell contributions. There have been recent attempts to measure suprathreshold contrast responses using contrast matching techniques [SI, [6] , [7] . These results show that the contrast response functions at suprathreshold levels are flatter than CSF curves measured at threshold. However, whether the results from contrast matching reflect the spatial frequency tuning functions at suprathreshold for human vision is still unclear since contrast matching is quite different from threshold measurements [4] .
Contrast-response fCR) functions. In monkey studies, the contrast-response (CR) functions at different contrast levels have been measured for M and P cells in the retina and LGN as well as cortical neurons in V1 and MT where R is the amplitude of the response, c is contrast, Rm the maximum response, cso the contrast at which the response reaches half of its maximum value, n the steepness (gain) of the curve, and M the dc level (spontaneous discharge). Equation (1) provides a quantitative way to describe the contrast-response relationship. For example, the parameter cs0 can be used as an index for contrast sensitivity. The lower the cs0 value, the higher contrast sensitivity the CR function will be. For the M and P cells in retina, the average c5,, values were 0.13 and 1.74 respectively [3] , and for cortical neurons on average, the cs0 value was 0.33 for V1 and 0.07 for MT [SI.
In this study, in order to better characterize the CSF at normal contrast levels, we measured the SF tuning functions as well as the CR functions at different suprathreshold contrast levels and different eccentricities of the visual field using noninvasive MEG techniques. Traditionally, peak analysis has been used for the averaged transient evoked waveform [9] . However, sometimes, it is difficult to define a single peak when the signal-to-noise ratio of the waveforms is low (the noise will cause multiple peaks), or when the waveforms are complex due to overlapping components. In this study, in addition to peak analysis, we have also developed more reliable "averaged power'' analysis methods using FFT: the averaged power can be calculated from the entire waveform (or portion of).
AIthough equation (1) can generally fit the measured data well, the fitting errors will be large if the CR functions are super-saturated (i.e., the response decreases when contrast increases, which may be caused by inhibition between mechanisms at high contrast levels). In order to reduce the fitting errors and to obtain a quantitative measure of the inhibition at high contrast, we introduce a fifth exponential parameter, in addition to the 4 parameters in equation (1): (2) where, a is the exponential parameter. Equation (2) reduces to equation (1) when a=O, and the larger the a value, the stronger the super-saturation.
METHODS
Exneriments. Evoked magnetic fields were recorded with a BTi 7-channel SQUIDcoupled gradiometer system in a magnetically-shielded chamber. Four subjects with normal vision participated in this study. Transient target stimuli (circular sinusoid, 266 ms duration and -1 Hz rate of presentation) were presented one at a time in a sequential fashion to 3 different eccentricities (1.6", 3", and 6"). Three SFs (2.0,4.5 and 8.5 c/d) were presented at 1.6" eccentricity, three SFs (1.5, 4.5,8.5 c/d) were presented at 3" eccentricity, and three SFs (1.0,4.5,8.5 cld) were presented at 6" eccentricity (The low SFs differed slightly across eccentricities in order to have at least 1.5 cycles of grating for each target). For each specific SF and eccentricity, there were 5 different contrast levels (lo%, 25%, 50%, 75%, and 99%). Each of the 5 contrast conditions in a block of trials contained 20 stimulus presentations, making a total of 100 presentations for each block of trials (less than 2 min for a block of trials). Subjects rested for about 10s after 5 blocks of trials which produced a total of 100 responses for each contrast level. The presentations were randomly interleaved for the 5 contrast conditions. The responses to the 3 different SFs at 3 different eccentricities were recorded from the same dewar location. Cortical magnification factor was also considered. The sizes of the stimuli at 1.6", 3", and 6" eccentricities were calculated to be 0.76", lo, and 1.5" respectively. Dura analvsis. In peak analysis, the SF tuning curves and the cs0 values were obtained from the peak amplitude of the 1st negative peak (with latency -160-190 ms) of the response waveforms for different stimulus conditions. In averaged power analysis, the SF tuning curves and the cs0 values were obtained from the averaged power of the whole waveform (0-500 ms) or from a fraction of the waveform (90 ms duration around the 1st negative peak (with latency -180 ms). The averaged power was calculated by first taking the Fourier transform of the waveform, and then averaging the spectral power of different temporal frequencies.
For each eccentricity, there are 5 SF tuning curves at 5 different contrast levels, and each curve has 3 data points at 3 different SFs (Le., 3x5=15 data points). To more quantitatively describe potential conlributions of the M and P systems to the responses, we propose a two-stream model whose parameters were estimated by fitting the model to the data set using a least-square-error program (Matlab, Signal processing toolbox). The model is expressed as: (3) is 14, and the independent data values in the data set is 15. Therefore, we can uniquely estimate the 14 unknowns using a least-squareerror fitting program. Equation (2) , then, was used to estimate the 5 parameters (R-, c50, n, M, and a) from the obtained CR,,,(c) and Cr,(c) for the M and P systems.
R(sf, C) = M(sficR,(C) + P(SnCRp(c)

RESULTS
Both peak analysis and averaged power analysis were used to analyze the data measured from 4 subjects in order to construct SF tuning curves at 5 different contrast levels CR (contrast-response) functions for each specific SF. The CR functions can then be fitted by equation (2) (3) ) for all the 4 subjects at 3" eccentricity. The 1st-row in Fig. 2 shows the fitting accuracy: the minimum-square-error (MSE) is 9.3% for HWC (Fig. 2a) , 5.6% for CA (Fig. 2d) , 11.7% for WEN (Fig. 2g) , and 6.9% for JEl (Fig. 2j) . The estimated SF tuning functions for the M and P systems (M(& and P(sj)) were shown in the 2nd-row of Fig. 2 . The estimated CRJc) and CRp(c) (the contrast-response (weighting) functions for the M and P systems) were shown in the 3rd-row of Fig. 2 as the ' 0 ' and ' +' symbols, respectively. The two-stream model (equation (2)), was then used to estimate the 5 parameters from the obtained CR,,,(c) and CrJc). The fitting curves are shown in the 3rd-row of Fig. 2 as the dashed curves. The estimated parameters are listed in Tables 1 and 2 . The fitting results in the 2nd-and 3rd-rows of Fig. 2 show similar features for all the 4 subjects. HWC; 2nd column: CA, 3rd column: WEN, 4th column: E. 1st row: Data were plotted as symbols; the curves were predictions from the model (equation (3)). 2nd row: Estimated M(sf) and P(sf) for the 4 subjects. 3rd row: estimated CRm(c) and CRp(c) for the 4 subjects.
DISCUSSION AND CONCLUSIONS
The SF tuning curves (obtained from both peak analysis and the averaged power analysis in Fig. 1 ) for high contrast levels at 1.6" eccentricity, were very flat with peak SFs > 8.5 c/d. In comparison, for stimuli at 3" and 6" eccentricities, the curves show a broad bandpass property with a peak SF about 3-5 c/d. For the lowest contrast level (lo%), the curve shows a lower SF peak (< 1.5 c/d). This result is similar to results from other laboratories where CSF was determined using psychophysical measurements at threshold for a similar background mean luminance. Therefore, these results suggest that human eyes, under suprathreshold conditions, may have higher spatial resolution (higher SF gain) than what the CSF functions determined at threshold would predict. Furthermore, when comparing foveal with parafoveal conditions, our results also show that more foveal stimulation results in wider SF bandwidth.
These results are consistent with the two stream (M and P) theory: at low contrast levels, the majority of responding cells may be M-type (which prefer low contrast and low SFs), resulting in lower peaks in the SF tuning curves. With an increase in contrast level, more P-type cells (which prefer high contrast levels and high SFs) may be activated, resulting in curves with peaks shifted in the direction of higher SFs. As predicted by the two-stream model (the 2nd-row of Fig. 2 ), the M system shows a narrow-band low-pass SF tuning property, whereas the P system shows a broad-band band-pass SF tuning property, which is consistent for all the 4 subjects.
The measured CR functions (the 3rd-row of Fig. 1 ) also show that, at low SF the cso value is low, indicating a high contrast sensitivity and earlier saturation of the CR function. As shown in Tables 1 and 2 (also in the 3rd-row of Fig. 2 ), the c50 value of CR,,,(c) (the M system) is lower (Le., higher contrast sensitivity) than that of CRp(c) (the P system). These results are consistent with magno-parvocellular distinctions derived from single-unit monkey studies. The results in Tables 1 and 2 (and the 3rd-row of Fig. 2 ) indicate that the techniques developed in this study may provide useful information about the relative strengths of the M and P systems at different eccentricities. Therefore, based on these results, it appears that the cso value and the estimated CR,,,(c) and Crp(c) functions may provide information of the relative involvement of magno-like and parvo-like systems in humans. It is worth noting that (as shown in the 3rd-row of Fig. 2 and Tables 1 and 2 ) both M and P systems show super-saturation at high contrast levels as evidenced by the exponential a values in Tables, which may be caused by inhibition between mechanisms at high contrast levels. The super-saturation is generally stronger (higher a values) for the M-like system.
Single-unit studies in nonhuman primates indicate that different cortical areas may be differentially innervated by M or P streams. Based on our previous retinotopy studies using source localization strategies and our curreht results (Le., SF tuning curves and CR functions), noninvasive MEG techniques may be able to shed more light on functions of neural groups in different cortical areas related to the two stream (M vs. P) theory.
